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We propose a scheme to realize optical nonreciprocal response and conversion in a Tavis-Cummings
coupling optomechanical system, where a single cavity mode interacts with the vibrational mode
of a flexible membrane with an embedded ensemble of two-level quantum emitters. Due to the
introduction of the Tavis-Cummings interaction, we find that the phases between the mechanical
mode and the optical mode, as well as between the mechanical mode and the dopant mode, are
correlated with each other, and further give the analytical relationship between them. By optimizing
the system parameters, especially the relative phase between two paths, the optimal nonreciprocal
response can be achieved. Under the frequency domain, we derive the transmission matrix of
the system analytically based on the input-output relation and study the influence of the system
parameters on the nonreciprocal response of the quantum input signal. Moreover, compared with
the conventional optomechanical systems, the Tavis-Cummings coupling optomechanical system
exhibits richer nonreciprocal conversion phenomena among the optical mode, mechanical mode, and
dopant mode, which provide a new applicable way of achieving the phonon-photon transducer and
the optomechanical circulator in future practice.
PACS numbers: 42.25.Bs, 42.50.Wk, 42.50.Ex
Keywords: Tavis-Cummings interaction, nonreciprocal response, phonon-photon transducer, optomechanical
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I. INTRODUCTION
In recent years, cavity optomechanics [1–3] (COM)
has attracted a lot of attention due to its theoretical
and experimental rapid development, which has pro-
duced many interesting phenomena, e.g., the detection
of gravitational waves [4], mechanical squeezing [5–10],
quantum entanglement [11, 12], mechanical cooling [13–
15], nonclassical correlations between single photon and
phonon [16], photon blockade [17], and coherent wave-
length conversion [18, 19]. The common optomechanical
systems study the two-body interaction between the cav-
ity field and mechanical resonator. A novel interaction
has been studied lately, which is the three-body interac-
tion among the cavity field, mechanical resonator, and
atom. Such hybrid systems are called Tavis-Cummings
coupling optomechanical system, which has attracted
wide attention. In the hybrid system, the cavity field
interacts with mechanical resonator and few-level system
simultaneously, which can lead to quantum interference
effects and amazing optomechanical phenomena, for in-
stance, EIT and EIA [20–22], sensing [23, 24], quantum
repeater [25], interaction with an atomic ensemble may
be used to produce entanglement, optomechanical cool-
ing, backaction evading measurements of mechanical mo-
tion [26–29].
On the other hand, COM-based optical nonrecipro-
cal phenomena have also attracted significant interest in
∗E-mail: szhang@ybu.edu.cn
†E-mail: hfwang@ybu.edu.cn
the decades, which means that the transmission of sig-
nals in two opposite directions exhibits different char-
acteristics. Optical nonreciprocity has been realized
in various optomechanical structures [30–32], such as
magneto-optical crystals [33–35], optical nonlinear sys-
tems [36–38], spatial-symmetry-breaking structures [39–
41], parity-time-symmetric structures [42–44]. Nonrecip-
rocal devices based on nonreciprocity, e.g., isolator, direc-
tional amplifier, circulator, etc, play significantly impor-
tant roles in quantum information processing and com-
munication. Specifically, optical isolator is a device that
blocks light in one direction but allows light to pass in
the opposite direction, which has already been studied
in both theory [45] and experiment [46, 47]. The fabri-
cation of low-loss and high Q optical microcavities has
achieved great progress using chemo-mechanical polish
lithography [48]. The directional amplification has also
been studied in a double-cavity optomechanical system
with mechanical gain [49], a superconducting microwave
circuit with parametric pumps [50, 51], a triple-cavity op-
tomechanical system with optical gain [52], and a three-
mode optomechanical system with an additional mechan-
ical drive [53]. It has also been realized in an optome-
chanical circuit via synthetic magnetism and reservoir en-
gineering in experiment [54]. Circulator has been inves-
tigated in three-mode optomechanical systems [55] and
this technique can be applied to a circuit-QED architec-
ture [56, 57] and phonon devices [58].
As we all know, the nonreciprocal effect relies strongly
on the relative phase between two different paths, which
can be usually reduced to the phase at a single path in
most theoretical researches. When the phase satisfies the
condition of destructive interference, the nonreciprocal
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2phenomenon occurs, which is similar to the optomechan-
ically induced transparency [59–61]. The optical nonre-
ciprocal effect can be achieved by the momentum dif-
ference between the forward and backward moving light
beams in an optomechanical system [62]. Li et al. pro-
posed a multimode system consisting of two vibrating
membranes suspended inside two cavities, which can pro-
duce the tunable optical nonreciprocity and be used as
a phonon-photon router [63]. Hafezi et al. pointed out
that the nonreciprocal transmission can be achieved via
using an unidirectional optical pump in a microring res-
onator [64]. We also note that the optical nonreciproc-
ity is studied in coupled spinning optomechanical res-
onators [65]. Furthermore, nonreciprocal response has
been realized in experiments until now, for instance, sili-
con chip [66], strong dispersive coupling of a high-finesse
cavity to a micromechanical membrane [67], a disper-
sive optomechanical system consisting of a membrane in-
side a cavity [68], and nonlinear coupling in a low-loss
system [69]. Meanwhile, some other studies related to
nonreciprocity have been reported such as fast-slow light
effects [70] and nonreciprocity photon blockade [71]. On
the other hand, the hybrid phonon-photon systems have
been studied extensively for the interesting nature due
to their potential applications in information processing
network [72–74]. It has been shown that the conversion
between phonons and photons can be realized and the
optomechanical circulator can be engineered in the op-
tomechanical systems [75].
In this paper, we study the nonreciprocal response and
conversion effects in a Tavis-Cummings coupling optome-
chanical system, which is composed of a trapped flexible
membrane embedded an ensemble of two-level quantum
emitters in an optical cavity. Resorting to the general lin-
earization technique and the Fourier transform, we calcu-
late the transmission matrix analytically and study the
nonreciprocal response of the fluctuation signal in the
frequency domain. In the present proposal, due to the
introduction of the Tavis-Cummings coupling, we find
that the phases of the two different paths are correlated
each other and further we derive their relation analyti-
cally, which is greatly different from the previous stud-
ies. By selecting the system parameters appropriately,
the prefect nonreciprocal response can be achieved. We
also show that the nonreciprocity induces the feasibility
to perform signal conversion among the optical mode,
mechanical mode, and dopant mode, which implies that
the system can be applied as a phonon-photon trans-
ducer and an optomechanical circulator. These interest-
ing phenomena indicate that the Tavis-Cummings cou-
pling model has potential applications in experiments,
such as integrating the nonreciprocal devices.
The organization of the paper is as follows. In Sec. II,
we present the Hamiltonian and dynamical equations of
the Tavis-Cummings coupling optomechanical system. In
Sec. III, we discuss the effect of the system parameters
on nonreciprocal response in detail and show that the
system can be applied as a phonon-photon transducer
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FIG. 1: (Color online) (a) Schematic of the Tavis-cummings
coupling optomechanical setup, in which a cavity mode inter-
acts with a single vibrational mode of a flexible membrane
with an embedded ensemble of two-level quantum emitters
that collectively behave as a single bosonic mode. (b) Depic-
tion of the interaction of the Tavis-Cummings coupling op-
tomechanical system given by Hamiltonian in Eq. (2). (c)
The effective interactions in the linearized regime of the sys-
tem [27, 28].
and an optomechanical circulator. Finally, we draw the
conclusion in Sec. IV.
II. MODEL AND HAMILTONIAN
As depicted in Fig. 1(a), we consider a Tavis-cummings
coupling optomechanical system, where an optical cavity
mode interacts with a single vibrational mode of a flexible
membrane with an embedded ensemble of two-level quan-
tum emitters. Generally speaking, the operator of two-
level quantum emitters is represented by the Pauli oper-
ator, here we represent the Pauli operator as a bosonic
operator by a bosonic transformation. Under the con-
ditions of sufficiently large two-level quantum emitters
number N and the limit of weak excitation, the lowering
operators (raising operators) σ− (σ+) of the ensemble can
be transformed to a collective bosonic operator a (a†) in
the Holstein-Primakoff representation,
σ− = a
√
N − a†a ≈
√
Na,
σ+ = a
†√N − a†a ≈ √Na†,
σZ = a
†a− N
2
, (1)
where operators a and a† obey the bosonic commutation
relation [a, a†] = 1 [27, 76, 77]. The total Hamiltonian of
the system is written as (~ = 1)
H = H0 +Hint +Hdr, (2)
with
H0 = ωcc
†c+ ωaa†a+ ωmb†b,
3Hint = g0c
†c(b† + b) + [J0 + µ0(b† + b)](a†c+ c†a),
Hdr = iε(c
†e−iωdt −H.c.), (3)
where H0 describes the free Hamiltonian of the sys-
tem, Hint represents the interactions of the cavity field
with the mechanical membrane via radiation pressure
and with the dopant (the embedded ensemble of two-
level quantum emitters) via a mechanically modulated
Tavis-Cummings coupling, and Hdr denotes the interac-
tion between the driving field and the cavity field. Here,
c (c†) is the annihilation (creation) operator of the cav-
ity mode with frequency ωc, a (a
†) is the annihilation
(creation) operator of the dopant mode with frequency
ωa, and b (b
†) is the annihilation (creation) operator of
the mechanical mode with frequency ωm. g0 is the op-
tomechanical coupling strength between the cavity mode
and the mechanical mode, J0 is the coupling strength be-
tween the cavity mode and the dopant mode, and µ0 is
the Tavis-Cummings coupling strength among the cavity
mode, mechanical mode, and dopant mode. ε and ωd are
the amplitude and frequency of the driving field, respec-
tively. In Fig. 1(b), we give the explicit schematic for de-
scribing the interaction of the proposed Tavis-Cummings
coupling optomechanical system.
In the rotation frame with Hr = ωd(c
†c+a†a), accord-
ing to the Heisenberg equations of motion, we can get
the quantum Langevin equations (QLEs)
c˙ = −(i∆c + κ)c− ig0c(b† + b)− i[J0 + µ0(b† + b)]a
+ε+
√
2κcin,
a˙ = −(i∆a + γ)a− i[J0 + µ0(b† + b)]c+
√
2γain,
b˙ = −(iωm + γm)b− ig0c†c− iµ0(a†c+ c†a)
+
√
2γmbin, (4)
where ∆i = ωi − ωd is the detuning of the respective
mode (i = c, a) from the driving frequency. κ (γ) is the
decay rate of cavity mode c (dopant mode a) and γm is
the mechanical damping rate. cin, ain, and bin are the
input quantum noises with zero mean values. To solve
the nonlinear QLEs in Eq. (4), we rewrite the operators
as the sum of the mean values and the small quantum
fluctuation terms, i.e. c = ξ+δc, a = α+δa, and b = β+
δb. Subsequently, the classical mean values and quantum
fluctuations can be treated separately. The equations
about steady mean values are given by
−(i∆′c + κ)ξ − i[J0 + µ0(β∗ + β)]α+ ε = 0,
−(i∆a + γ)α− i[J0 + µ0(β∗ + β)]ξ = 0,
−(iωm + γm)β − ig0|ξ|2 − iµ0(α∗ξ + ξ∗α) = 0, (5)
where ∆′c = ∆c + g0(β
∗ + β) is the effective detuning
including the frequency shift caused by the mechanical
interaction. The solution on α is
α = − iξ[J0 + µ0(β
∗ + β)]
(i∆a + γ)
. (6)
While the linearized fluctuations equations around the
steady state can be obtained
δc˙ = −(i∆′c + κ)δc− iJδa− iG(δb† + δb) +
√
2κcin,
δa˙ = −(i∆a + γ)δa− iJδc− iµ(δb† + δb) +
√
2γain,
δb˙ = −(iωm + γm)δb− i(G∗δc+Gδc†)− i(µδa† + µ∗δa)
+
√
2γmbin, (7)
and the linearized effective interactions of the system are
clearly depicted in Fig. 1(c). Hereafter, for simplicity, we
define J = J0 + µ0(β
∗ + β), g = g0ξ, µ = µ0ξ, G =
g − iJµ/(i∆a + γ), and specify the operators δc → c,
δa→ a, δb→ b.
For convenience, the linearized QLEs in Eq. (7) can be
written in the matrix form
F˙ = MF + ΓFin, (8)
where the vectors F = [c, a, b, c†, a†, b†]T and
Fin = [cin, ain, bin, c
†
in, a
†
in, b
†
in]
T (T represents
the transpose operator), the matrix Γ= Diag
[
√
2κ,
√
2γ,
√
2γm,
√
2κ,
√
2γ,
√
2γm, ], and the coef-
ficient matrix
M =

−(i∆′c + κ) −iJ −iG 0 0 −iG
−iJ −(i∆a + γ) −iµ 0 0 −iµ
−iG∗ −iµ∗ −(iωm + γm) −iG −iµ 0
0 0 iG∗ −(κ− i∆′c) iJ iG∗
0 0 iµ∗ iJ −(γ − i∆a) iµ∗
iG∗ iµ∗ 0 iG iµ −(γm − iωm)
 . (9)
The system is stable only if the real parts of all the eigen- values of matrix M are negative. The stability condi-
4tion can be derived by applying the Routh-Hurwitz cri-
terion [78], however, whose concrete form is too cumber-
some to give here. In the following, all the parameters
in the present work have been chosen to make sure the
stability of the system.
Generally, it is more convenient to reveal the nonre-
ciprocity in the frequency domain. To this end, we per-
form the Fourier transformations of the operators
o(ω) =
1
2pi
∫ +∞
−∞
o(t)eiωt dt,
o†(ω) =
1
2pi
∫ +∞
−∞
o†(t)eiωt dt, (10)
and then Eq. (8) in the frequency domain becomes
F (ω) = −(M + iωI)−1ΓFin(ω), (11)
where I represents the identity matrix. By substitut-
ing Eq. (11) into the standard input-output relation
oin + oout =
√
κoo, where oin, oout, and κo denote in-
put operators, output operators, and their corresponding
damping rates, respectively. Then the output field vector
in the frequency domain is given by
Fout(ω) = U(ω)Fin(ω), (12)
where the output field vector Fout(ω) =
[cout, aout, bout, c
†
out, a
†
out, b
†
out]
T and the coefficient
matrix U(ω) is given by
U(ω) = −Γ(M + iωI)−1Γ− I. (13)
The spectrum of the output field is defined by
souto (ω) =
∫ +∞
−∞
dω′〈o†out(ω′)oout(ω)〉. (14)
Accordingly, the vector of the output field Sout(ω) is writ-
ten in the form of Sout(ω) = [s
out
c (ω), s
out
a (ω), s
out
b (ω)]
T .
Substituting Eq. (12) into Eq. (14) and making use of cor-
relation functions 〈o†in(ω′)oin(ω)〉 = sino (ω)δ(ω + ω′) and
〈oin(ω′)o†in(ω)〉 = [sino (ω) + 1]δ(ω + ω′), we can obtain
Sout(ω) = T (ω)Sin(ω) + Sv(ω), (15)
where the vector of the input field Sin(ω) =
[sinc (ω), s
in
a (ω), s
in
b (ω)]
T and the transmission matrix
T (ω) =
 Tcc(ω) Tca(ω) Tcb(ω)Tac(ω) Taa(ω) Tab(ω)
Tbc(ω) Tba(ω) Tbb(ω)
 . (16)
The element of T (ω) denotes as Tij(ω) (i, j = c, a, b),
which indicates the scattering probability from the input
mode j to the output mode i and their respective forms
are
Tcc(ω) = |U11(ω)|2 + |U14(ω)|2,
0.0 0.5 1.0 1.5 2.0
0.0
0.2
0.4
0.6 | - /2|/
| -3 /2|/
FIG. 2: (Color online) The relation between the relative phase
θ and the phase φ. The blue solid line represents |θ− pi/2|/pi
while the orange dashed line represents |θ − 3pi/2|/pi. The
other parameters are ∆′c = ∆a = ωm = 10κ and g = J =
|µ| = γ = γm = κ.
Tca(ω) = |U12(ω)|2 + |U15(ω)|2,
Tcb(ω) = |U13(ω)|2 + |U16(ω)|2,
Tac(ω) = |U21(ω)|2 + |U24(ω)|2,
Taa(ω) = |U22(ω)|2 + |U25(ω)|2,
Tab(ω) = |U23(ω)|2 + |U26(ω)|2,
Tbc(ω) = |U31(ω)|2 + |U34(ω)|2,
Tba(ω) = |U32(ω)|2 + |U35(ω)|2,
Tbb(ω) = |U33(ω)|2 + |U36(ω)|2, (17)
where Uvw(ω) (v, w = 1, ..., 6) is the element in the v-th
row and the w-th column of the matrix U(ω) in Eq. (13).
And Sv(ω) = [s
v
c (ω), s
v
a(ω), s
v
b (ω)]
T in Eq. (15) is the
output spectrum caused by the input vacuum field and
its elements are
svc (ω) = |U14(ω)|2 + |U15(ω)|2 + |U16(ω)|2,
sva(ω) = |U24(ω)|2 + |U25(ω)|2 + |U26(ω)|2,
svb (ω) = |U34(ω)|2 + |U35(ω)|2 + |U36(ω)|2. (18)
III. RESULTS AND DISCUSSION
A. Nonreciprocal response
In this section, we turn to discuss the nonreciprocal
transmission between the optical mode and the dopant
mode. Based on above definition, it is easy to find that
the coupling strength J between the cavity mode and the
dopant mode is real while both the effective optomechan-
ical coupling G and interaction strength µ are complex.
Due to the existence of the Tavis-Cummings coupling
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FIG. 3: (Color online) Scattering probabilities Tca(ω) (blue
dashed line) and Tac(ω) (orange solid line) as functions of
the frequency of the incoming signal ω for different effective
optomechanical coupling rates g. These panels reveal the
situations of two different phases: (a), (c), (e), and (g) for
φ = 0.47pi while (b), (d), (f), and (h) for φ = 1.53pi. From
the top panels to bottom panels, the parameter g is chosen
as 0.01κ, 0.5κ, 1.0κ, and 1.5κ, respectively. The other param-
eters are the same as in Fig. 2.
(µ0 6= 0), as shown in Fig. 1(c), we cannot simply deter-
mine the respective phase at the paths of B and C. In
the following, the relation of the two phases is derived
analytically. If we rewrite µ = µ0ξ = |µ|eiφ,
G = g − iJ |µ|(cosφ+ i sinφ)
i∆a + γ
= |G|eiφ′ , (19)
where φ and φ′ are the arguments of µ and G, respec-
tively. We specify the relative phase between the paths of
B and C is θ = φ−φ′. Generally, when the relative phase
between the two paths is pi/2 or 3pi/2, the optimal nonre-
ciprocal response occurs [52, 55, 63]. In Fig. 2, we plot the
relative phase θ with respect to the phase φ, where the
parameters are given as g = J = |µ| = γ = γm = κ and
∆a = ∆
′
c = ωm = 10κ. One can note that the optimal
value of the relative phase is θ−pi/2 = 0 or θ−3pi/2 = 0.
Obviously, it does not appear at φ = pi/2 and φ = 3pi/2,
but at φ = 0.47pi and φ = 1.53pi. Meanwhile, according
to the previous calculation and analysis of the optome-
chanical coupling strength G, we can find that the rela-
tive phase θ = φ−φ′ of the two different paths is related
to the detuning of the dopant mode ∆a, the interaction
strength between the optical mode and the dopant mode
J , and the effective optomechanical coupling g. There-
fore, we can modulate the relative phase by adjusting the
corresponding system parameters ∆a, J or g for practi-
cal system [79–81]. Next, we discuss the nonreciprocal
response when φ = 0.47pi and 1.53pi.
We now focus on how the nonreciprocal response
     
 
0.5
1.0
     
 
 
 
     
 
0.5
1.0
     
 
 
 
     
 
0.5
1.0
     
 
 
 
-4 -2 0 2 4
0.0
0.5
1.0
-4 -2 0 2 4
 
 
 
T
ca
( ) T
ac
( )
=0.47
=0.47 =1.53
=1.53
=1.53=0.47
=1.53
=0.47(c)
(e)
(g)
(b)
(d)
(f)
(a)
(h)
FIG. 4: (Color online) Scattering probabilities Tca(ω) (blue
dashed line) and Tac(ω) (orange solid line) as functions of the
frequency of the incoming signal ω for different coupling co-
efficient J . These panels reveal the situations of two different
phases: (a), (c), (e), and (g) for φ = 0.47pi while (b), (d), (f),
and (h) for φ = 1.53pi. From the top panels to bottom panels,
the parameter J is chosen as 0.01κ, 0.5κ, 1.0κ, and 1.5κ, re-
spectively. In all subfigures, g = κ and the other parameters
are the same as in Fig. 2.
is tuned by the optomechanical coupling strength g.
Figure 3 shows the scattering probabilities Tca(ω) and
Tac(ω) as functions of the frequency of the incoming sig-
nal ω for different coupling rates g. It is obvious to
find that the scattering probabilities of the mutually in-
verse processes Tca and Tac reveal opposite nonrecipro-
cal effects at two different phases. When φ = 0.47pi,
the scattering probability from mode a to mode c is
almost the same as the one from mode c to mode a
[i.e., Tca(ω) ≈ Tac(ω)] when the optomechanical cou-
pling strength g is weak (i.e., g = 0.01κ), as shown
in Fig. 3(a). The scattering probability Tac gradually
increases with the enhancement of the optomechanical
coupling strength g while the opposite direction Tca de-
creases [i.e., Tac(ω) > Tca(ω)]. Finally, the nonrecip-
rocal response becomes more obvious and the system
reaches the optimal nonreciprocal response when g = κ
at ω = ωm [i.e., Tac(ω) ≈ 1, Tca(ω) ≈ 0], as shown in
Fig. 3(e). However, if we keep increasing the optome-
chanical coupling strength g, the nonreciprocal response
gradually becomes weak. While for φ = 1.53pi, the sys-
tem exhibits the opposite phenomena.
In Fig. 4, the scattering probabilities Tca(ω) and
Tac(ω) are shown as functions of the frequency of the
incoming signal ω for different interaction strength J .
It is shown that the scattering probabilities of the two
mutually inverse processes Tca and Tac still reveal oppo-
site nonreciprocal effects at φ = 0.47pi and φ = 1.53pi.
When J  κ (e.g., J = 0.01κ), as depicted in Figs. 4(a)
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FIG. 5: (Color online) Scattering probabilities Tca(ω) (blue
dashed line) and Tac(ω) (orange solid line) as functions of the
frequency of the incoming signal ω for different mechanical
damping rates γm. These panels reveal the situations of two
different phases: (a), (c), (e), and (g) for φ = 0.47pi while (b),
(d), (f), and (h) for φ = 1.53pi. From the top panels to bottom
panels, the parameter γm is chosen as 0.01κ, 0.5κ, 1.0κ, and
1.5κ, respectively. In all subfigures, g = κ and the other
parameters are the same as in Fig. 2.
and 4(b), Tca(ω) ≈ Tac(ω). In this parameter regime,
the system almost does not exhibit the nonreciprocal re-
sponse. With the increase of the coupling strength J , the
nonreciprocal response becomes distinct and the system
reaches the optimal nonreciprocal effect when J = κ at
ω = ωm. As shown in Figs. 4(g) and 4(h), if further
increasing coupling strength J , the nonreciprocal phe-
nomenon becomes weak, which is similar with the case
in Fig. 3.
In Fig. 5, we plot the scattering probabilities Tca(ω)
and Tac(ω) for different mechanical damping rates γm as
functions of the frequency of the incoming signal ω. In
the case of φ = 0.47pi, when the mechanical damping
rate γm is smaller than the decay rate of the cavity κ, as
shown in Fig. 5(a), Tca ≈ Tac, which indicates that there
is no obvious nonreciprocity. With the increase of the
mechanical damping rate γm, the nonreciprocal response
becomes prominent and the system shows the optimal
nonreciprocal effect at γm = κ, as shown in Fig. 5(e).
However, when φ = 1.53pi, contrary to the case of φ =
0.47pi, Tca > Tac occurs once increasing the mechanical
damping rate γm and the optimal effect corresponds to
γm = κ at ω = ωm. The nonreciprocal response also
becomes weak with increasing the mechanical damping
rate γm continuously at two different phases.
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two panels reveal the situations of two different phases: (a)
for φ = 0.47pi while (b) for φ = 1.53pi. The other parameters
are the same as in Fig. 2.
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FIG. 7: (Color online) Scattering probabilities Ttc(ω), Tta(ω),
and Ttb(ω) (t = c, a, and b) as functions of the frequency of
the incoming signal ω for different phases φ. These panels
reveal the situations of two different phases: (a), (c), and (e)
for φ = 0.47pi while (b), (d), and (f) for φ = 1.53pi. The other
parameters are the same as in Fig. 2.
B. Phonon-Photon transducer and optomechanical
circulator
In this section, we show how the proposed Tavis-
Cummings coupling optomechanical system can be ap-
plied as a photon-phonon transducer and optomechanical
circulator. Based on the scattering probabilities Tcb(ω)
and Tbc(ω) in Eq. (17) and the above parameters for pro-
ducing the optimal nonreciprocal response, as shown in
Fig. 6, we obtain the phonon-photon conversion rates
Tcb(ω) and Tbc(ω). It is obvious that the proposed sys-
tem can realize the nonreciprocal conversion between the
optical and mechanical modes, which indicates that the
present Tavis-Cummings coupling optomechanical sys-
7tem can be viewed as a phonon-photon transducer and
its converted processes can be reversed by changing the
phase of the interaction strength.
Figure 7 depicts the scattering probabilities Ttc(ω),
Tta(ω), and Ttb(ω) (t = c, a, b) as functions of the fre-
quency of the incoming signal ω for different phases based
on the optimal nonreciprocal conditions. When φ =
0.47pi, one can notice that Tac(ω) ≈ Tba(ω) ≈ Tcb(ω) ≈ 1
but the other scattering probabilities are approximately
equal to zero at ω = ωm, as shown in Figs. 7(a), 7(c),
and 7(e). However, as shown in Figs. 7(b), 7(d), and 7(f),
once φ = 1.53pi, Tbc(ω) ≈ Tca(ω) ≈ Tab(ω) ≈ 1 while the
others are approximately equal to zero at ω = ωm. This
indicates that the signal is transferred from one mode to
another along a clockwise direction c → a → b → c or
counterclockwise direction c → b → a → c, which de-
pends on the phase φ = 0.47pi or φ = 1.53pi. Therefore,
the proposed Tavis-Cummings coupling optomechanical
system also exhibits the optomechanical circulator be-
havior and the circulator direction is determined by the
phase φ.
IV. CONCLUSIONS
In conclusion, we have studied the nonreciprocal re-
sponse effect and signal conversion in a Tavis-Cummings
coupling optomechanical system. Using the general lin-
earization technique and the Fourier transform, we ana-
lytically calculate the transmission matrix of the quan-
tum input signal in the frequency domain. Different
from the previous schemes, we find that, due to the in-
troduction of the Tavis-Cummings interaction, both the
effective optomechanical coupling strength and the inter-
action strength between the dopant mode and the me-
chanical mode are complex and their phases are corre-
lated each other. To obtain the optimal nonreciprocal re-
sponse, we analytically get the relation of the two phases
and derive the relative phase between the two different
paths. By selecting the suitable system parameters, es-
pecially the relative phase, the optimal nonreciprocal re-
sponse can be effectively achieved. Furthermore, based
on this interesting property, we further discuss the nonre-
ciprocal conversion phenomena among the optical mode,
mechanical mode, and dopant mode, which can be used
as a phonon-photon transducer and an optomechanical
circulator. We hope that the proposed proposal would
have potential applications in quantum information pro-
cessing network.
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